A solvent extraction method coupled to high-performance liquid chromatography with tandem mass spectrometry detection (HPLC-MS/MS) was developed and validated for the simultaneous determination of soil diphenylarsinic acid (DPAA) and phenylarsinic acid (PAA). Several extraction solvents were evaluated with respect to the degree of soil extract-induced matrix effects and the recovery values for DPAA and PAA in the four studied soil matrices. Validation data showed that solvent extraction had a negligible impact on the accurate quantification of DPAA. In contrast, only with disodium hydrogen phosphate extraction did the method give both limited matrix effects (102-107%) with a coefficient of variation b 3% (n = 4) and efficient recoveries (77-109%) at two spiking levels (20 and 50 mg kg ) for PAA. The selection of an appropriate extractant was the approach to reduce matrix effects while guaranteeing satisfactory recoveries of soil DPAA and PAA. Chromatographic separation was completed in 37 min and the analytes were detected in positive mode using selected reaction monitoring. MS/MS operating conditions were optimized for both electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI) sources. Under optimal conditions the detection limit was 0.01 and 1.00 μg L −1 for DPAA and PAA. The method detection limits (MDLs) obtained ranged from 2.52 to 3.42 μg kg −1 for DPAA and from 0.23 to 0.33 mg kg −1 for PAA depending on the soil types, and the intraday and interday precision was less than 5% for both analytes at two different concentrations. The method was successfully applied for the simultaneous determination of DPAA and PAA in one-month aged soils, satisfactory recoveries (N 74.03%) were obtained for both analytes. The results show that the proposed solvent extraction method coupled to HPLC-MS/MS analysis can provide accurate and reliable determinations of DPAA and PAA in soil samples.
Introduction
Recently, diphenylarsinic acid (DPAA) and phenylarsinic acid (PAA) have increasingly gained attention due to their occurrence as chemical warfare agents at contaminated sites and their potential to generate public and environmental health concerns Nakamiya et al., 2013; Arao et al., 2009; Ochi et al., 2004) . The main source of DPAA and PAA into the environment is aromatic arsenicals (AAs) such as Clark I (diphenylcyanoarsine) and Clark II (diphenychloroarsine), which were widely produced during World Wars I and II as chemical warfare agents. These agents were then simply buried underground or dumped in the sea in several areas of China (Deng and Evans, 1997) . Clark I and Clark II can be converted to DPAA via hydrolysis and oxidation/reduction processes (Haas et al., 1998) and further biodegraded to PAA by dephenylation (Maejima et al., 2011a) . The widespread occurrence of DPAA and PAA in groundwater in Asian and European countries has been reported Daus et al., 2008) . However, few reports of the occurrence of DPAA and PAA in the soil compartment are available in the published literature. Hence, in order to better evaluate the occurrence, fate and potential environmental risk of DPAA and PAA to the soil environment, the development of a reliable extraction and sensitive analytical method for the simultaneous determination of the two analytes in various soil matrices is urgently required.
The analysis of DPAA and PAA can be carried out by various analytical techniques, for instance, high-performance liquid chromatography-inductively coupled plasma mass spectrometry (HPLC-ICP-MS) (Kinoshita et al., 2005; Guan et al., 2012) , high-performance liquid chromatography-pulsed amperometric detection (HPLC-PAD) (Li et al., 2012 ) and a derivation method followed by gas chromatography mass spectrometry (GC-MS) . All of the above techniques have some shortcomings, such as wide variability and lack of selectivity. By contrast, selective LC separation coupled with structural information makes HPLC-MS/MS a powerful quantitative and qualitative analytical technique for sensitive and selective detection of DPAA and PAA in a variety of soil matrices. Evaluating and eliminating matrix effects, which is defined as the suppression/ enhancement of ion efficiency of compounds by co-eluting impurities arising from endogenous soil constituents and exogenous pretreatment processes (Niessen et al., 2006) , is crucial for establishing a reliable HPLC-MS/MS method. Unfortunately, the reported HPLC-MS/MS method for determination of DPAA and PAA does not address the matrix effects issue.
The most direct method for dealing with matrix effects is to comprehensively improve the sample pretreatment procedure. Selective extraction procedure and cleanup strategies aimed at either improving extraction efficiency of analytes or reducing matrix interference by constituents such as humic acid and salts have received considerable attention in environmental sample analysis. Numerous studies have reported the use of advanced pre-treatment techniques such as solidphase extraction (SPE) and size-exclusion chromatography (Fang et al., 2010; Zheng et al., 2011) , which are expensive and timeconsuming and are also associated with some risk of loss of analyte. Therefore, the development of a simple, cost-effective and highlyselective extraction procedure to assist in the accurate, selective and reliable HPLC-MS/MS quantification of both DPAA and PAA is of great importance.
The first objective of this study was to develop a selective method for simultaneous quantification of DPAA and PAA based on HPLC-MS/MS measurements. The second objective was to optimize solvent extraction for efficient recoveries of DPAA and PAA, but lower recoveries of coextracted interfering substances. Finally, the present work aimed to validate the developed method for simultaneous determination of DPAA and PAA in various long-term contaminated soil matrices.
Materials and methods

Chemicals and standards
A DPAA (97%) reference standard was purchased from Wako Pure Chemical Ind. Ltd. (Osaka, Japan) and PAA from Aladdin Chemistry Co. Ltd. (Shanghai, China). HPLC-grade methanol and formic acid were obtained from Merck KGaA (Darmstadt, Germany). All other chemicals and solvents used were of analytical grade quality.
Standard stock solutions of DPAA or PAA at 200 mg L −1 were prepared by dissolving in a small amount of methanol and adding ultrapure water. A 100 mg L −1 mixed standard was prepared in water by mixing and diluting the individual standard stock solutions. The mixed standard solution was then diluted with water to give a series of working standards of 0.1-40 mg L −1 . These working standards were then used for sample fortification and the preparation of standard curves. All standard solutions were sealed and stored at 4°C. Water used in the study was purified using a Cascada laboratory water system (New York, USA).
Soils
Four types of soil were selected for the method validation, as they are widely subject to chemical warfare agent leakage. An Orthic Acrisol and a Gleyic Acrisol were collected from the surface horizon (0-15 cm) of agricultural fields at the Ecological Experiment Station of Red Soil in Yujiang county, Jiangxi province. A Haplic Phaeozem was sampled from Changchun, Jilin province, and an Udic Luvisol from Nanjing, Jiangsu province. The soil types are given according to the FAO soil classification system (FAO-UNESCO, 1981) . All soil samples were air dried, sieved and the fraction smaller than 2 mm was collected and stored at 4°C until analysis. The main physico-chemical properties of the tested soils and the land-use patterns are given in Table 1 .
Preparation of spiked soils
An aliquot of each dried and homogenized soil sample (1.0 ± 0.1 g) passed through a 0.25 mm nylon sieve was accurately weighed into a 50 mL Teflon tube. Since none of the analytes was found in the soils studied, the unamended soils were used as blank soil samples, and were spiked at two concentration levels (20 and 50 mg kg ) in triplicate by adding 0.5 mL of the appropriate concentration of standard solution containing DPAA and PAA. The tube was then shaken on a vortex mixer for 10 min to achieve homogeneity. Finally, the tube was left overnight under a nitrogen stream to evaporate the solvent, before analysis. In all cases, the concentrations of the analytes in the soil are reported on a dry weight basis.
Solvent extraction
Two types of solvent were selected as candidate extractants. Type 1 (alkaline) has been employed to extract DPAA (Li et al., 2012; Guan et al., 2013) , including disodium hydrogen phosphate (0.1 mol L −1 ) and sodium hydroxide (1 mol L −1 ) in 50% methanol. Type 2 (acid) is commonly used for inorganic arsenic extraction (Kahakachchi et al., 2004; Alam et al., 2001 ) and includes 0.125 mol L − 1 citric buffer (pH 3.1) and phosphate (1 mol L
−1
). After aging of the soil samples, extractant was added at a soil-towater ratio of 1:10 (v/v) and all tubes were sealed and shaken for 6 h at 180 rpm at 25 ± 1°C in the dark. The resulting mixture was then separated by centrifuging at 3000 rpm for 10 min. The suspension from each tube was filtered through a 0.22 μm polyethersulfone (PES) membrane prior to HPLC-MS/MS analysis. Blank soil samples were also extracted according to the same procedure to obtain blank soil extracts.
Sample preparation
Four sets were prepared to systematically evaluate the assay accuracy, matrix effects and recovery efficiencies. Set 1 One standard line was prepared in pure solution (i.e. without matrix). Preliminary work showed that an appropriate pH was important to achieve good chromatographic separation, especially of PAA. As such, 100 μL of appropriate standard solution containing analytes and 900 μL 3% formic acid (total volume 1 mL) were added to 2 mL vials to obtain a series of working standards of 0.01, 0.08, 0.2, 0.4, 1.0 mg L −1 . Set 2 Sixteen standard lines were constructed in four different lots of blank soil extracts (spiked after extraction) when extracted with four solvents, respectively. 40 μL of blank soil extracts with 60 μL of appropriate standard mixture were pipetted into 2 mL vials, then diluted with 3% formic acid (total volume 1 mL) to yield a series of working standards of 0.01-1.0 mg L −1 (1:25 sample dilution ratio).
Set 3 Samples for the recovery experiment were prepared as described above in Sections 2.5 and 2.6 (spiked before extraction). A 40 μL aliquot of the soil extracts and 60 μL of ultrapure water were pipetted into a 2 mL vial, diluted with 3% formic acid (total volume 1 mL), then injected directly into the HPLC-MS/MS system. Set 4 Four standard lines were constructed in four extractants by placing 40 μL of extractant, 60 μL of appropriate mixed standard and 900 μL of 3% formic acid (total volume 1 mL) in 2 mL vials to yield a series of working standards of 0.01-1.0 mg L −1 .
HPLC-MS/MS analysis
Samples were analyzed using a HPLC system (Thermo Accela 1250, Thermo Fisher Scientific, San Jose, CA) equipped with MS/MS analyzer (Thermo TSQ Quantum Access Max, Thermo Fisher Scientific, San Jose, CA) using the external standard method. The analytical column was a Sunfire C 18 3.5 μm, 2.1 mm × 150 mm column (Waters, Milford, USA) protected by a Sunfire C 18 3.5 μm, 2.1 mm × 10 mm guard column (Waters, Milford, USA). The temperature of the oven was maintained at 30°C. The sample injection volume was 25 μL. Separation was carried out using a gradient solvent system at a flow rate of 0.15 mL min −1
. Eluent A consisted of 0.1% formic acid prepared in ultrapure water, eluent B was 0.1% formic acid prepared in methanol. The gradient profile was as follows: 0-1.5 min 1% B, 1.5-4 min 1-25% B, 4-11 min 25% B, 11-15 min 25-70% B, 15-22 min 70% B, 22-37 min 1% B. The flow rate was 0.150 mL min
. The auto sampler temperature was set to 4°C to stabilize the samples during time-consuming analyses. This LC separation method was modified from a previously reported HPLC separation technique (Baba et al., 2008) .
Mass spectrometric detection was operated in positive mode with an electrospray ionization (ESI) source and an atmospheric-pressure chemical ionization (APCI) source. MS/MS parameters were optimized for each ionization source. Xcalibur 2.0 software (Thermo Fisher Scientific, San Jose, CA) was used for instrument control, data acquisition and data handling. ) (C) subjected to high-performance liquid chromatography coupled with electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS) analysis.
Method parameters
In order to optimize the extractant, matrix effects (ME) and recovery efficiencies (RE) were considered and calculated by Eqs. (1) and (2), respectively.
Where, k set 1 is the slope of conventional standard line constructed in pure solution in set 1, k set 2 is the slope of soil extract-matched standards in set 2, A set 3 is the absolute peak area of analyte in soil extracts spiked before extraction in set 3, and A set 2 is the absolute peak area of analyte in soil extracts spiked after extraction in set 2. Values of ME greater or less than 100% indicate matrix-induced signal enhancement or suppression.
Results and discussion
Optimization of MS/MS conditions
ESI remains the interface of choice for many environmental applications, in this sense, MS/MS operating conditions were optimized in ESI mode. To obtain higher selectivity, selected reaction monitoring (SRM) in positive-ion mode was chosen. The most intense precursor ion/product ion was used for DPAA and PAA quantification as shown in Table 2 . The optimized MS/MS parameters and SRM conditions are presented in Table 2 . Typical total ion chromatogram (TIC) and extracted ion chromatograms (EIC) of both analytes in HPLC-MS/MS analysis are shown in Fig. 1 , indicate that a very good liquid-phase separation efficiency was obtained. Additionally, since most studies have demonstrated that APCI is less matrix sensitive that ESI (Chen et al., 2014; Zuehlke et al., 2004) , MS/MS parameters were also optimized for APCI. However, APCI was discarded for further determinations due to the lower instrumental response to both analytes and the narrow linear range especially for PAA (data not shown).
Selection of an appropriate extractant for matrix effects calibration
The selection of an appropriate extractant is crucial to minimize both the matrix effects induced by the extractant itself and those induced by the co-extracted soil impurities because the content and the composition of impurities in the extracts is partially extractant-dependent. In the optimization of the extractant, several parameters need to be considered such as the type and the pH value of the extractant. In this work, the effect of four extractants with pH ranging from strongly ⁎⁎ Difference between the treatments (set 1 and set 2, set 4 and set 2) significant at the 0.01 probability level (independent-sample t test). a y is the absolute peak area of analyte, x is the concentration of analyte. b ME: matrix effects, ME expressed as the ratio of the slope of soil extracts-matched standards in set 2 to the slope of conventional calibration standard in set 1 multiplied by 100. Values of greater or less than 100% indicate matrix-induced signal enhancement or suppression. c ME E : extractant-induced matrix effects, ME E expressed as the ratio of the slope of extractant-matched standard in set 4 to the slope of conventional calibration standard in set 1 multiplied by 100. Values of greater or less than 100% indicate extractant-induced signal enhancement or suppression. d CV: coefficients of variation, CV calculated from slopes of soil extracts-matched calibration lines constructed in four different lots of blank soil extracts (Orthic Acrisol, Gleyic Acrisol, Phaeozem, Luvisol). e In all cases HPLC-MS/MS has been used for separation and quantification.
acidic to strongly alkaline on matrix effects was studied in a preliminary fashion to minimize the ion suppression/enhancement effect. Matrix effects were assessed according to a strategy proposed by Matuszewski et al. (2003) . As can be observed from the data summarized in Table 3 , although the slopes of standards constructed in multiple soil extracts (set 2) deviated from that of conventional pure solution (set 1) for DPAA, this deviation had a negligible impact on the accuracy of the quantification of DPAA (85% ≤ ME ≤ 115%, coefficient of variation, CV ≤ 5%). In contrast, only with disodium hydrogen phosphate extraction was a limited matrix effect (102% ≤ ME ≤ 107%, CV ≤ 3%) obtained for PAA as presented in Table 4 . The higher matrix tolerance of DPAA than of PAA may possibly be associated with the comparatively longer retention time of DPAA (19.3 min) than PAA (11.4 min), as sufficient chromatographic separation in the quantitative determination of analytes is recommended to avoid possible co-elution with interfering substances (Liang et al., 2003) .
In order to investigate the influence on the MS response by the extractant itself, extractant-induced matrix effects (ME E ) were studied and calculated as follows:
where, k set 4 is the slope of extractant-matched standard in set 4, and k set 1 is the slope of conventional standard constructed in pure solution in set 1.
The results of ME E presented in Table 4 indicate that matrixinduced signal enhancement/suppression was both compounddependent and extractant-dependent as considerable signal suppression was observed for sodium hydroxide-methanol (ME E = 55%), which was at the utmost concentration and alkalinity compared with other extractants.
Previous work has indicated that large amounts of soluble salts introduced in the sample extraction procedure can induce methadone hydrochloride (MTD) signal suppression (Souverain et al., 2004) . MTD eluted in the matrix effects window (with retention time less than 1 min) is not consistent with the retention time of analytes in our experiment. Theoretically, soluble salts are eluted quickly from the column, diverted to waste prior to the MS analyzer, and will not cause the measured impact on MS/MS response. However, sodium hydroxidemethanol can react with PAA to form a salt, and finally may induce matrix effect as the salt may be co-desorbed and compete with the analyte molecules for the limited amount of charge per droplet in the ion emission process (Enke, 1997) . Therefore, it may be inappropriate to apply strong alkalis (e.g. sodium hydroxide-methanol) as extractants for PAA prior to HPLC-MS/MS analysis.
Similarly, sodium hydroxide-methanol can also react with DPAA to form a salt, but decreased extractant-induced matrix suppression effects occurred for DPAA (ME E = 89%). A possible explanation is that PAA is more vulnerable to alkaline salts due to its higher content of ⁎ Difference between the treatments (set 1 and set 2, set 4 and set 2) significant at the 0.05 probability level (independent-sample t test). ⁎⁎ Difference between the treatments (set 1 and set 2, set 4 and set 2) significant at the 0.01 probability level (independent-sample t test). a y is the absolute peak area of analyte, x is the concentration of analyte. b ME: matrix effects, ME expressed as the ratio of the slope of soil extracts-matched standards in set 2 to the slope of conventional calibration standard in set 1 multiplied by 100. Values of greater or less than 100% indicate matrix-induced signal enhancement or suppression. c ME E : extractant-induced matrix effects, ME E expressed as the ratio of the slope of extractant-matched standard in set 4 to the slope of conventional calibration standard in set 1 multiplied by 100. Values of greater or less than 100% indicate extractant-induced signal enhancement or suppression. d CV: coefficients of variation, CV calculated from slopes of soil extracts-matched calibration lines constructed in four different lots of blank soil extracts (Orthic Acrisol, Gleyic Acrisol, Phaeozem, Luvisol). e In all cases HPLC-MS/MS has been used for separation and quantification.
hydroxyl-groups. When the sample pH was adjusted to the range 2.5-3.5 with 3% formic acid prior to HPLC-MS/MS detection, DPAA (pKa 5.2) was in molecular form in contrast with PAA (pKa 1 3.8, pKa 2 8.7). The results show that the extractant alone cannot fully explain the observed matrix effects, as inferred by the substantial slope deviation between the soil extract-matched standard curve (set 2) and extractant-matched standard curve (set 4), especially for disodium hydrogen phosphate (p b 0.01) and sodium hydroxide-methanol (p b 0.01) as indicated in Table 4 . This might be partly due to the buffering capacity of the soil. As indicated in Table 4 , the extractant itself (set 4) induced significant signal suppression for PAA (55% ≤ ME ≤ 80%), reducing the amount of soluble salts or sample pH in the extraction procedure due to adsorption or ion exchange processes on soil surfaces will alleviate matrix effects to some extent (ME ≥76%). On the other hand, some "unseen" and "undetected" matrix components, which may be several orders of magnitude higher than that of analytes, will also exist in extracts and severely affect the efficiency of formation of the desired molecular ions selected by the first quadrupole for further dissociation and quantification (Matuszewski et al., 1998) .
Dissolved organic matter (DOM) induced matrix effects have received considerable attention in environmental sample analysis in recent years. The signal suppression by co-extracted humic acid, as indicated by a yellow color in methanol extracts, was studied by Steen et al. (1999) . The yellow color was also observed in soil extracts with sodium hydroxide-methanol extraction in our experiment, particularly for Phaeozem/Gleyic Acrisol soil owing to higher SOM content. Table 4 shows no increased matrix suppression effects when comparing the Phaeozem (ME =91%)/Gleyic Acrisol (ME =88%) with the Orthic Acrisol (ME =87%)/Luvisol (ME =76%), despite their contrasting SOM contents. Similar results have been obtained by Steen et al. (1999) indicating that the degree of ion suppression depends partly on the amount of co-extracted DOM, and partly on the nature of the samples. Kloepfer et al. (2005) further demonstrated that the molecular weight distribution of organic material was crucial to matrix effects and this will complicate the situation.
Recovery study
Alkaline extractants gave excellent recoveries (RE N 81%) of analytes at two concentrations with only one exception according to Fig. 2 . It may be proposed that at higher pH the arsenate groups on DPAA are anionic species, and the soil surface become negatively charged. This would facilitate desorption of DPAA or PAA onto the soil surfaces through van der Waals attraction (Wang et al., 2013) .
As for soil type, high recoveries of DPAA (RE N 81%) and PAA (RE N 77%) in the Orthic Acrisol and Gleyic Acrisol at two concentrations were achieved regardless of extractants, while in the case of the Phaeozem/Luvisol, phosphate did not provide exhaustive extraction (37% ≤ RE ≤ 59%) of DPAA. This corresponds well with a recent study indicating that adsorption of DPAA was inhibited significantly by phosphate in an Acrisol but not in a Phaeozem (Wang et al., 2013) . PAA in the Phaeozem/Luvisol was more likely to be extracted by phosphate, with an average recovery of 98.5%, which might be due to the different partition coefficient (log K ow ) values. Although DPAA and PAA would have been adsorbed mainly onto Fe/Al oxyhydroxides, the phenyl groups of DPAA/PAA might be adsorbed onto SOM by hydrophobic interaction (Maejima et al., 2011b) . Thus, PAA (log K ow 0.30) seems sodium hydroxide-methanol (E2), citric buffer (E3) and phosphate (E4) were tested as candidate extractants. Recoveries were calculated as the ratio of absolute peak area of analyte in soil extract spiked before extraction to the ratio of absolute peak area of analyte in soil extract spiked after extraction, and expressed as mean of three parallel samples.
to be less affected by the allocation of organic matter compared with DPAA, so that the former is more likely to desorb from soil surfaces in the presence of phosphate. In addition, the citrate buffer showed moderate recoveries of DPAA (72% ≤ RE ≤ 105%) and PAA (52% ≤ RE ≤ 80%) in all four types of soil. Previous work has demonstrated that desorption of inorganic arsenic probably occurs in the presence of citrate through a complex mechanism involving competitive adsorption, dissolution of Fe/Al oxides or oxyhydroxides (Mohapatra et al., 2005) . Here, we suggest that Fe/Al oxide or oxyhydroxide-bonded DPAA/PAA can also be exchanged by a citrate buffer. The lower recovery of PAA observed was most probably due to more hydroxyl groups for PAA than DPAA. Based on the results described above, we suggest that several parameters including Fe/Al oxides, organic matter, the type and the pH value of the extractant, as well as the hydrophobicity of analytes, will ultimately determine the recoveries of both analytes.
Method validation
Under the conditions optimized above, method performance was evaluated with spiked soils. Satisfactory linearity was achieved over the range of 0.01-1 mg L −1 with correlation coefficients (r 2 ) that ranged from 0.9917 to 0.9998 and from 0.9968 to 1.000 for DPAA and PAA, respectively, as presented in Tables 3 and 4. Table 5 shows the accuracy and precision which were evaluated by recovery experiments in one selected soil (Luvisol) spiked at two fortification levels (20 and 50 mg kg − 1 ) after extraction. Accuracy was in the ranges of 3.0-5.5% and 2.4-7.0% for DPAA and PAA, respectively, and the intraday (n = 5) and interday (n = 5) precision were within the ranges from 1.3 to 5.0%, 2.0 to 3.4% for DPAA and from 1.4 to 3.7%, 2.5 to 2.9% for PAA, respectively. The detection limits (LODs) taken as 3 times the signal-to-noise ratio after 11 times of continuous injection, were about 0.01 μg L − 1 for DPAA and 1.00 μg L − 1 for PAA. The method detection limits (MDLs) obtained ranged from 2.52 to 3.42 μg kg − 1 for DPAA and from 0.23 to 0.33 mg kg − 1 for PAA depending on the soil types with disodium hydrogen phosphate extraction in the present study. The proposed method was applied to the analysis of long-term contaminated soil. As is shown in Fig. 3 , the recoveries of DPAA and PAA were in the range from 77.4 to 98.13% and 74.03 to 83.51% for DPAA and PAA in one month aged soils, respectively. According to the results obtained above, it is concluded that the proposed method is reliable.
Conclusions
A HPLC-MS/MS method was developed for determination of DPAA and PAA in soil. By optimizing the extraction procedure and the measurement conditions, simultaneous extraction, separation and quantification of DPAA and PAA were achieved and validated. Disodium hydrogen phosphate extraction provided the limited matrix effect (102% ≤ ME ≤115%) for both analytes (n = 4) together with satisfactory recoveries ranging between 73 and 109% at two spiking levels (20 and 50 mg kg ). In this approach, selection of an appropriate extractant as a simple, cost-effective and novel strategy for reducing matrix effects was demonstrated, to provide an analytical methodology for investigation of environmental contamination of soil by DPAA and PAA.
